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AB ST R AC T  Measurement  of  cellular  K  and  Na concentrations  in  growing
Escherichia  coli indicates that the osmolality of the medium is a major determinant
of the cell K concentration. In contrast, the cell Na concentration  is independent
of the medium  osmolality and is largely dependent on the Na concentration  of
the medium.  Sudden changes  in the  osmolality  of the  medium  lead  to rapid
changes  in  K  content.  Washing  the  cells  with  solutions  of  lower  osmolality
results in  a  very rapid  loss of K, which  is  greater  in more dilute  and  in cold
solutions.  A sudden  increase  in the osmolality  of the growth medium produces
a rapid  uptake of K by a mechanism  whose rate is  a saturable function  of the
K concentration  of the medium and  which appears  to involve  an exchange of
K for cellular H.
In previous studies  of this series it has been shown that the ionic composition
of Escherichia  coli is (a) constant in the logarithmic phase of growth,  (b)  changes
as the pH declines in the stationary phase, and (c)  returns rapidly to the cation
content typical  of the logarithmic  phase  of growth when the stationary phase
cells  are  resuspended  in fresh  medium  (1,  2).  In the  present  study we  have
sought further evidence on the role of K  in this organism,  and the mechanism
of its movement,  by investigating some of the factors which  determine  the K
and Na contents  of exponentially  growing  cells.  The results  indicate that the
osmolality  of the medium  is  a  major determinant  of the  K  content  of these
cells, and that abrupt changes in this osmolality result in rapid changes in the
intracellular  concentration of this cation.
METHODS
Media
The  standard  medium  used  in  these  studies  was  composed  of:  Na2HPO 4 56  mM,
NaH2PO 4 14  mM,  NaCl  10  mM, NH4Cl  10 mM,  KCI  2.5 mM,  Na2SO4 1 m,  MgSO4
0.4  m,  FeC13  1.5  pIM,  CuSO 4 0.2  /uM,  (NH4)MoO4  0.15  pM,  and  glucose  55  mM.
After autoclaving,  this medium had  an osmolality  of 260 to  270 mOsM and  a pH of
7.15  to 7.20.  Media  of greater osmolality,  prepared  by the addition of NaCI,  sucrose,
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or glucose, will be referred to as hypertonic. Media  of lower osmolality,  referred to as
hypotonic,  were  prepared  by  dilution  of the  phosphate,  NaC1,  and Na 2SO4 of the
standard medium; other ingredients were kept at the concentrations  indicated above.
In experiments  with  other  substrates,  glycerol  (25  mM)  or  sodium  lactate  (30  mM)
replaced  glucose  in the standard  medium.  Glucose was  added  as an  osmotic  agent
only to those media in which it was already present as substrate. For studies at different
pH's the  ratio of monobasic  to  dibasic  phosphate was  changed without  altering  the
total phosphate  concentration.  Sterilization was usually  carried  out by autoclaving.
Glucose  and  sucrose  were  autoclaved  separately  from  the  other  ingredients.  Since
significant  hydrolysis  occurs  when  sucrose  is  autoclaved,  media  which  contained
sucrose in the presence  of glycerol or lactate as substrate,  were sterilized  by filtration
through 0.45  pore size membrane filters  (Millipore Filter  Corp.).
Bacteria
As  in previous  studies  strain  K-12  of Escherichia coli was  used.  Stock  cultures  of the
organism were grown on agar-solidified standard medium and maintained by monthly
transfers.  For experiments  in which the cells were to be grown with lactate or glycerol
as  substrate the organisms were adapted  by at least 3 transfers on solid  medium con-
taining the desired substrate. The bacteria were grown at 37 °C, aeration and agitation
being  provided  by passing  humidified  air through the  cultures.  A few cultures  with
slow  growth  rates  were  incubated  in  cotton-stoppered  flasks  which  were  gently
shaken.  Growth was monitored  by periodic  reading of the turbidity at 610 mju using
either round tubes in a Coleman model  11 colorimeter or  1 cm cuvettes in a Beckman
model B spectrophotometer.
Analyses
The analytical  techniques  made  use  of special  centrifuge  tubes similar  to  those pre-
viously  described  (Fig.  1 of reference  1) but with  a bore of 0.76 mm in the capillary
portion.  The  quantity  of  bacteria  in  a  culture,  as measured  by  the  height  of  the
column of bacteria in the tube, was expressed  as a volume ratio or in terms of volume
per cent; this measurement  will be referred to as the cytocrit.  The standard deviation
of this measurement  was 0.7 per  cent of the average  cytocrit  in 8  sets of 4 replicate
determinations  using  cultures whose  cytocrits  ranged  from 0.1  to 0.2  per  cent.  The
cytocrit was  used  to calculate the wet or dry weight of bacteria  per milliliter,  using
values for the density of the pellet  and dry to wet weight ratios obtained  as described
below.
In cultures with a cytocrit  above  0.1  per cent it was possible to extrude a portion
of  the  pellet  onto  a  small  tared  aluminum  pan.  These  pellets,  whose  wet  weight
ranged  from  1.5  to  5 mg, were  weighed, dried,  and  handled  in a manner similar to
that described  for the larger pellets used in earlier studies  (1): A quartz helix (Micro-
chemical  Specialties  Co.)  with a  10  mg capacity  was  used in  weighing.  Na  and  K
analyses on extracted  pellets and suitably diluted  supernatants were performed  using
a modified  Perkin-Elmer model  52-A flame  photometer  (2).  The standard deviation
of groups of 3 to  10 replicate K determinations  averaged 2 per cent of the analyzed  K
content, while the Na  analyses were more variable, with an average  standard devia-
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tion of 7 per cent  (variance  in approximately  200 analyses of each cation).  Analyses
of the P content of the pellets were  performed  by digestion with 70 per cent  HC104
(3)  followed  by  determination  of  PO4 by  the  method  of Fiske  and  Subbarow  (4),
with color stabilized  by heating at 1000C for  10 minutes (5).  The average difference
of duplicates in 7 sets of paired pellet P analyses was 0.9 per cent.
Extracellular  spaces  in  pellets  were  determined  with  I- 8 1 3labeled  human  serum
albumin  (RISA,  Abbott  Laboratories).  The  labeled  albumin was  dialyzed for 24
hours  and then  diluted  with bovine  serum  albumin  (Armour  and  Co.)  before  use.
The dried pellets were  counted in a well-scintillation counter to a statistical counting
error of less than 2 per cent. Drying the pellets for  12 to 24 hours at 90 to  100°C did
not lead to a measurable loss of Il"'. The extracellular  spaces were found to be 0.183 
0.003  milliliter per gram wet weight'  in 42  determinations  carried  out in media  of
varying osmolality  not containing  sucrose.  In medium  containing  0.4 M sucrose  (6
determinations)  the space was 0.214  4- 0.005 ml/gm. Values of [K]i,  [Na]i, and dry
to wet weight ratios have been corrected for the quantity  of K, Na, and water in the
extracellular space of the pellets.2 The assumptions  and errors involved in the use of
the 1131  albumin spaces have  been previously discussed  (1).
Another  method of studying the bacterial  K content was devised using membrane
filters.  Gridded  0.8  or 0.45  u pore  size  filters  (Millipore)  of  17  mm diameter  were
washed  in 0.1  M NH4CI to remove  traces of K, rinsed repeatedly in distilled water,
and  dried.  In later experiments  more reproducible  results were obtained  using un-
washed  filters  and  correcting  for  the K  content of the filters.  0.8  u pore  size  filters
were  used  in most  of the  experiments  since  they  allowed  more  rapid  filtering.  In
some experiments,  notably  those involving exposure  of the cells  to hypertonic  solu-
tions, an erratic  loss of cell K was observed when the 0.8  filters were used. In such
experiments  use of the 0.45  ,u filters gave consistent results.
The filters were held by suction  on a specially devised  holder which obviated the
use of a clamping  device.  The surface tension exerted by the grid  lines on the filter
prevented  spread of the sample and wash beyond the central part of the filter. With
the full suction of a water aspiration  pump applied  to the filter holder, an aliquot of
the culture,  usually 1 ml, was carefully delivered  onto  the filter in such a way  that
the wetted area was restricted by the grid lines to the central 9 by 9 mm area of the
filter.  The  filter  was  washed  twice,  each time  with  2  or  3 drops  of wash solution.
Unless otherwise stated, washing was carried out at room temperature  (20 to 23  C)
with  a  sucrose  solution  slightly  hypertonic  to  the medium  in which  the  cells were
grown. Such a wash did not lead to loss of cell K, as shown under Results. For analysis
the filters  were placed  in polyethylene vials,  treated  with  1 drop of cold  redistilled
nitric  acid, and about 10 minutes later diluted with LiSO 4 solution for flame photom-
etry. This analysis gave a measure of the total cell K content per milliliter of culture.
[K]i  was  then calculated  using  a value for cell  H20  content  determined  from the
cytocrit,  the density of the  bacterial pellet  determined  by  CuS0 4 flotation  (6),  the
water  content  of the  bacterial  pellet,  and  the  extracellular  space  of the  pellet.  In
l All  errors are expressed  as the standard error of the mean.
2 Symbols  in brackets  represent concentrations in millimoles  per liter of medium or cell H20.  The
subscripts i and e refer to the cellular  and extracellular compartments  respectively.
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practice, values of the pellet density,  wet to dry weight ratio, and extracellular space
determined  in  the medium  under study were  used,  so that [K]i could  be calculated
from  a measurement  of cell K and the cytocrit. When these two were not determined
simultaneously,  the required cytocrit values were interpolated from a semilogarithmic
plot of cytocrit versus time. The filter method was especially  useful for studying  both
cultures with low cell densities as well  as rapid changes  in cell K content.
Rates of net K uptake measured  in some of the experiments  have  been expressed
in pmols/cm2 sec.,  using a  value for the bacterial membrane  area  of 6.8  X  104  cm2
per ml of bacteria, obtained from photomicrographs  of dried smears of the organisms
(2).
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FIGURE  1.  Effect  of the  osmolality  of the growth  medium  on the  [K]i  of growing  E.
coli. Each point represents the average of 3 to  10 replicate determinations  on cells grown
with glucose  as substrate.  The symbols indicate  the agent used to adjust the osmolality:
X,  glucose;  o, NaCl;  A, sucrose;  o, no agent  added,  standard or dilute medium used.
The pH ranged  from  6.7  to  7.1.  The  dashed  line  is  the tangent to  the curve over  the
range of  100 to 400 mOsM.
Freezing points of culture supernatants  were measured with the Aminco-Bowman
apparatus.  NaC1 solutions were  used as standards  and  the results were  expressed  in
osmolal  units using  published  values  for NaC1 solutions  at 25°C  (7).  Since,  as dis-
cussed  under  Results,  bacteria  are  readily  permeable  to glycerol,  the  effective  os-
molality  of media  containing  glycerol  was  approximated  by  subtracting  15  mOsM
(the  estimated  glycerol  concentration  in the medium  at  the  time  of harvest)  from
the osmolality  as measured by the freezing  point depression.
pH was measured  in  all cultures  using the Radiometer model 22  pH meter.
RESULTS  AND  DISCUSSION
K and Na Content
The effect  of the osmolality of the growth medium on the K content of growing
E.  coli, using  glucose  as  the  substrate,  is  shown  in  Fig.  1. The osmolality  is
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clearly a major determinant  of the K content of these  organisms, with nearly
a  fourfold  change  in  [K]i  observed  over  the  osmolality  range  studied.  The
substance  used  to  adjust  the  osmolality  does  not  appear  to  be  important,
since  NaCI had the  same effect  as did  osmotically  equivalent  concentrations
of sucrose  and glucose.  The conclusion  that these  changes  in K  content are
due to the osmotic pressure difference created  by the agents used is supported
by experiments  with  glycerol,  which,  when added  in 0.3  M concentration  to
the  standard  medium containing  glucose  as  substrate,  had  no  effect  on  the
[K]i  of  these  bacteria.  Glycerol  is  known  to  penetrate  bacteria  readily  (8)
and has been reported to be without effect on the K content of another Gram-
negative  organism,  Salmonella oranienburg (9).
Growth in media  of different osmolality  has effects in addition to those  on
TABLE  I
EFFECT OF  OSMOLALITY  ON  COMPOSITION
AND  GROWTH  OF  E.  coli*
Generation
Oamolality  time  Dry  weight/wet  weight:  [K]i  K contents
mOsM  min  mmols/liter  cell H20  mmols/gm dry  weight
148  66  0.247-0.002(8)  150-2(8)  0.4574-0.007 (8)
270  51  0.28540.003 (8)  2464-2 (5)  0.61740.007(8)
539  63  0.297-0.002(12)  399-2(12)  0.945-0.006(12)
938  86  0.326-0.002(8)  495+2 (8)  1.0240.01(8)
* Errors  are standard  errors  of the  mean;  the  figure  in parentheses  indicates  the number  of
determinations.
I These data refer to the dry-to-wet weight ratios of the cells. The data obtained using bacterial
pellets have been corrected  for extracellular water and solute.
K content. As shown in Table I there is an increase in the ratio of dry weight
to wet weight, and thus a decrease  in the cell water content, as the osmolality
of the  medium  increases.  Although  this  decrease  in  cell  water  accounts  in
part for the increase in [K] i, most of the increase is due to an absolute increase
in K content, as seen from the values in the last column of the table, expressed
in millimoles per gram dry weight.
In  contradistinction  to  the  K  content,  the  cell  Na  concentration  is  not
dependent  on  the  osmolality  of  the  medium,  but  is  determined  by  [Na]e.
Fig. 2 shows this relationship for cells grown on glucose. The points clustering
about a  [Na]e  of 150 mM are representative  of the many values  in this range
obtained  using  both  normal  media  as  well  as  media  made  hypertonic  by
addition of glucose or sucrose.  Ninety-six determinations  of the  intracellular
Na concentration  in cells grown in media whose [Na].  was maintained essen-
tially constant  at  143  4- 1 mM  but  whose  osmolalities  ranged  from  236  to
1154  mOsM  gave  an  average  [Na]i  of  70  1 mmols/liter  cell  water;  the
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average [Na] i from the  18 different media over the above range of osmolalities
did not differ significantly from each other. The average ratio of intracellular
to  extracellular  Na  concentrations  over  this  wide  range  of  osmolalities  is
0.49.  The results shown in Fig.  2 are in good agreement with those previously
reported  using  media  isotonic  with  the  normal  growth  medium  in  which
[Na]e  ranged  from  0  to  120  m  (1).  Table  II  shows  the  intracellular  Na
concentrations  and contents  in cells  grown in  media  having constant  [Na].
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TABLE  II
EFFECT  OF  OSMOLALITY  ON  INTRACELLULAR
Na  IN  E.  coli*
Osmolality  [Na]i  Na content
mmols/liter  mmols/gm
mOsM  cell  water  dry  weight
270  6742 (8)  0.1684-0.006(4)
539  6542 (12)  0.1544-0.006 (12)
938  6942 (8)  0.141-4-0.005 (8)
* These  values  are  from the same  series  of experiments  shown  in Table  I.
The extracellular Na  concentration  was  143 mM.
These data are  from the  same  series  of experiments  shown  in Table  I. The
270  mOsM  medium  is  the  normal  growth  medium;  the  hypertonic  media
were the results  of glucose  or sucrose  addition.  As described  above, the  [Na]i
does not differ  significantly  at the different  osmolalities.  However,  since  the
cell  water  content  decreases  at higher  osmolalities,  there  is  a  concomitant
decrease  in  the  cell  Na  content  as  shown  in  the  last  column  of this  table.
Comparison  of Tables  I and  II shows  that in going  from  a medium  whose
osmolality is 270 mOsM to one of 938 mOsM the increase in K content  is 0.40
mmol/gm  dry  weight whereas  the  cell Na  content  decreases  by only  0.027
mmol/gm dry weight.
The cation  content of E.  coli is  relatively  insensitive  to changes in growth
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conditions  other  than  osmolality  and  [Na],.  Increasing  [K],  from  2.5  to  27
mM produced a 3 per cent increase in [K] i, in agreement with previous findings
(1)  that [K]i  is  essentially  independent  of [K],.  The temperature  of growth
had no effect,  since  cells grown on glucose  in the standard medium  at 22  or
30°C had the same cation  content as did cells  grown at 37°C.  Over the  pH
range from  6.3  to  7.5  in  the lactate  medium  there  was  no change  in  [K]i,
while in the glucose medium K content averaged  6 per cent lower at pH 6.3
(2 determinations)  and  12 per cent lower at pH 5.7  (7 determinations)  com-
pared  with the K content in a medium of the same osmolality at pH 7.0.
Effects of Other Substrates
Studies carried out using glycerol or lactate as substrates with NaCI or sucrose
as  the  osmotic  agent  showed  that  although  the  osmolality  of  the  medium
had  a  similar  effect  on  cell  K  content,  the  [K]j  observed  in  a  medium  of
given osmolality  with glycerol as substrate  was slightly less than when glucose
was  the  substrate.  Lactate-grown  cells  had  a  considerably  lower  K  content
in hypertonic  media than did glucose-grown  cells;  in an  850 mOsM medium
the [K]  of lactate-grown cells was approximately  75 per cent of that observed
when glucose was the substrate.  Conversely, the [Na] i of glycerol- and lactate-
grown cells  was  higher than  that  of the glucose-grown  cells.  In view  of the
existence  of a K-Na  exchange  mechanism in E. coli  (2),  this  reciprocal  rela-
tionship between [K]i and  [Na]i is not unexpected.
However, in spite of the quantitative  differences among glucose-,  glycerol-,
and  lactate-grown  cells,  the  reasons  for  which  are  unknown,  the  effect  of
medium osmolality  on  [K]i is quite similar  to that shown in Fig.  I and thus
appears to be independent  of the substrate  employed.
Rapid Changes in K Content
The  variation  of cell K  content  with the  osmolality  of the  growth medium
suggested  that abrupt changes in the osmolality might have a rapid effect  on
K content.  An  acute  loss  of K was  found  to occur when  the cells  were  sud-
denly exposed  to  a solution  whose  osmolality was  lower  than  that in which
they  were  grown.  This  procedure  will  be  referred  to  as  "downshock,"  the
term  used  by Britten  and McClure  (10)  in  their  studies  of the  effect  of os-
molality on amino acid pools in E. coli. In 14 experiments, cells were collected
on filters and  washed  briefly  on the filter with a sucrose  or NaCl solution of
chosen  osmolality.  When  the osmolality of the wash solutions  was somewhat
lower  than  that of the  medium  in  which the  cells  were  grown  there  was  a
loss  of K,  as  shown  in  the left part of Fig.  3.  The  loss of K was  a  transient
and rapid phenomenon,  since  a wash as brief as 4 seconds removed  as much
K as did washes lasting as long as 45 seconds.  The intercepts of the curves of
Fig.  3  with the  100 per  cent line suggest  that at 37°C the  osmolality of the
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wash solution  must be approximately  25 to  75  mOsM  lower  than that of the
growth medium to produce a loss of K. The net loss of K becomes progressively
greater  as  the  wash solution  becomes  more dilute.  Washing  with  more con-
centrated solutions  than those shown in the figure produced  no loss of K.
The temperature  of the wash solution has a significant  effect on  the loss  of
K  which  results  from downshock.  A comparison  of  the  effects  of otherwise
identical washes  at 2  and at 37°C is shown  in the right half of Fig.  3,  typical
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FIGURE  3.  Left,  retention of K after  brief washing  of E. coli with  sucrose solutions  of
varying concentrations at 37°C. Each curve  represents the results in a different medium;
the  arrow  above  each  curve  indicates  the  osmolality  of  the  growth  medium  in  that
experiment.  In  D the  standard  medium  was  used;  sucrose  was  added  to  the  growth
medium  in  the  other  experiments.  Since the  bacteria  were  growing,  the  cell  K found
after washing was divided by the total cell K at the time of sampling as determined  from
a  semilogarithmic  plot of cell K  against  time.  Right,  effect  of the  temperature  of the
wash solution on K retention.  Bacteria from a culture growing at 37C, whose osmolality
is indicated by the arrow, were washed with NaCl solutions varying from 0 to 296  mOsM
at either  37 or 2°C.
of 6 experiments  of this type.  Not  only  is considerably  more  K removed  by
the cold  wash,  but even an  isosmotic wash  at 2  C removed  some K.  It was
further  observed  that  dilute  NaCl  solutions  produced  a  greater  loss  of  K
than did a wash with distilled water.  This  suggests  that a sizeable fraction  of
cell  anions  is not removed  by downshock,  and,  as a result, part of the cell  K
can only be removed  by exchange  with another cation.
Similar effects  of downshock  have been reported  in investigations  of the K
content of S.  oranienburg (11)  and  of amino  acid pools  in E. coli  (10).  Since  a
wide variety of substances  has been reported to be removed  by downshock,  it
appears that the loss  is relatively non-specific,  presumably  occurring  through
small  holes  or  enlarged  pores  produced  by the  tension  imposed  on  the  cell
wall  and membrane  by the hydrostatic  pressure which must develop  within
the cell in order to balance the difference  in water activities  across the mem-
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brane.  The  influence  of the  temperature  of the  wash solution  on  the loss  of
cellular  contents  resulting  from  downshock  does  not  appear  to  have  been
stressed previously.  If our results  on K retention  are  typical of the  effects of
downshock,  a cold wash solution must be at least  50 mOsM hypertonic  to the
growth  medium  to  avoid  loss  of  cellular  constituents.  The  effect  of  tem-
perature  may explain  the observation  of Kessel and  Lubin  that cold washes
resulted in a loss of the proline pools of E. coli (12). The greater loss of cellular
contents  resulting  from  a  wash  with  a  cold  solution  may  also  explain  the
lethal effect of sudden chilling of Gram-negative organisms in dilute media ( 13).
Quite  the  opposite  effect  was observed  when the  cells were subjected  to a
FIGURE  4.  Effect  of  a  sudden
increase  in  osmolality  on  K
content  of E.  coli  growing  in  1.2
mM  K medium.  At the  arrow  the
osmolality  was increased from 202
to  635  mOsM  by  adding  a  con-
centrated  solution  of  glucose  in
growth  medium.  The  K  content
of  the  pre-upshock  samples  has
been  multiplied  by  0.8  to correct
for  the  dilution  produced  by
upshock.
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sudden increase  in the osmolality  of the  medium.  Such a change, which  will
be  referred  to  as  "upshock,"  resulted  in  a  rapid  uptake  of K  by  the  cells.
Upshock  was  produced  by  adding  the desired  osmotic  solute  as  a  concen-
trated  solution  in  growth  medium,  thus  changing  the  osmolality  without
changing the concentration  of the other constituents  of the medium.  Glucose
was  used  as  the osmotic  solute  in most  upshock  experiments.  Qualitatively
similar  effects were  observed  in a few experiments  in which  sucrose or NaCl
was  used as the osmotic  solute. Fig.  4 shows  the effect  of upshock on cellular
K  content  in  one  experiment,  typical  of  the  39  upshock  experiments  per-
formed. The increase in cell K content commenced  within  10 sec.  of upshock
and the initial rate of this rapid K uptake was found to be a function of [K],.
This dependence  was studied  by measuring the initial rate of K uptake pro-
duced  by  an  identical  degree  of  upshock  in  11  otherwise  identical  media
whose  [K]e ranged from 0.17 to 8.0  m.  The initial rate was  calculated from
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the  slope  of the  straight line  fitted  to the  beginning  of the rapid  K uptake
curve,  as indicated by the dashed line in Fig. 4. This initial rate was corrected
by subtracting  the  rate  of net K  uptake  accompanying  growth  which  was
determined  in  each  experiment  from  the  rate  of increase  of cell  K content
prior to upshock.  The results  show that the initial rate of K uptake is a satu-
rable function  of  [K]e, as  seen  in  Fig.  5.  The maximum  rate of K uptake,
calculated  from  a  Lineweaver-Burk  plot  of the  data,  is  10  pmols/cm2 sec.,
and the uptake  rate  is half-maximal  when  the  [K]e is  1 mM.
The dependence of K content on the osmolality of the medium suggests that
K plays a major role in maintaining the internal  osmolality of these bacteria,
FIGURE  5.  Initial  rate  of K  uptake  pro-
duced  by  upshock in  11  media  whose  [K]e
ranged  from  0.16  to  8.0  m.  The  curve  is
the  theoretical  one  for  a  process  obeying
Michaelis-Menten  kinetics  which  has  a
maximal  rate  of  10  pmols  cm2 sec.  and
whose  rate  is half-maximal  when  [K],  is  1
m.  The  experimental  conditions  were
identical  to  those  described  in  Fig.  4
except for the  K] e.
EXTRACELLULAR  K  CONC.  (mM)
and  that  cell  K  is  in  large  measure  osmotically  active.  Similar  results,  in-
dicating a relationship between K content and medium osmolality,  have been
reported  for E.  coli by  0rskov  (15)  and for  S.  oranienburg by Christian  (9).
Both these authors measured  K content after resuspending bacteria in a buffer
which  did not  allow  growth  and  whose  osmolality  was greater  than  that  of
the growth  medium,  so that their experiments  indicate the  effect  of upshock
on non-growing cells.
The uptake  of K must  be accompanied  by the  movement  of another  ion
to preserve  electroneutrality.  Net K uptake in upshock cannot  be attributed
to an exchange  of K  for cellular Na,  since there  is little (see Tables  I and II)
change  in  cell  Na content  under  these conditions.  The possibility that  K is
taken up with PO 4 was excluded by measurements of the P contents of bacteria
before  and  after  upshock in one experiment  similar  to that shown  in Fig.  4.
The  P content after  upshock fell 0.03  mmol/gm dry weight while  K  content
rose 0.40 mmol/gm  dry weight.  Furthermore,  recent studies  on  the effect  of
medium osmolality on the intracellular C1 content, carried out in this labora-
tory  (14),  indicate that the  increased  [K]i cannot be balanced by this anion.
Although  no  measurements  were  made  to  exclude  the  possibility  that  the
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other anion in the medium,  SO4,  accompanied  the uptake  of K, a quantita-
tively significant uptake of this anion is unlikely for reasons which have  been
previously discussed  (2).  Since it is unlikely that net K uptake is accompanied
by the simultaneous  uptake of anion(s) from the medium we must invoke the
extrusion,  by the cell, of a cation other than Na in order to satisfy the restric-
tion  of macroscopic  electroneutrality.  This cation must  be available in large
quantity and must be extruded at a sufficiently rapid rate to balance a rate of
net K uptake which may be as high as  10  pmols/cm2sec.  It is well  known that
E. coli rapidly acidifies the growth medium by the secretion of the acid prod-
ucts of fermentative  metabolism.  We have shown that the rate of H secretion
by dense suspensions  of E. coli averages  17.3  pmols/cm2sec.  (2).  It is difficult
to  measure the  rate  of H secretion  in  the  light, highly  buffered  suspensions
employed  in  these  experiments.  However,  if the  rate  of H secretion  in the
present studies  is only 60 per cent of that observed  with dense suspensions, it
would still suffice to account  for the maximal rate of K uptake.  Our previous
demonstration  of  a K-H  exchange  mechanism  capable  of bringing  about  a
rapid net uptake of K by E. coli  (2)  together  with the  above  arguments  sug-
gests  that  a  similar  cation  exchange  process  is  responsible  for  K  uptake
following upshock.
It  has  been  known  for  many  years  that exposure  of non-growing  Gram-
negative  bacteria  to  concentrated  solutions  of non-permeant  solutes  results
in a decrease in cell volume with the resultant retraction of the plasma mem-
brane  from the  rigid  cell  wall.  This  process,  called plasmolysis, has  been  ex-
tensively  employed  for  the  study  of  the  passive  permeability  of  bacterial
membranes  to a wide  variety of solutes  (16).  0rskov was the first to demon-
strate  that  plasmolysis  of  non-growing  E. coli,  resulting  from  exposure  to
concentrated  NaCl  or  sucrose  solutions,  is  rapidly  reversed  following  the
addition  of K to the suspension  (15).  Thus  the K taken up by  the cells both
in the  present  experiments  and  in  those reported  by  Orskov  must not  only
be  osmotically  active  but  it  must  also  increase  the  total  intracellular  os-
molarity.  If K were  simply taken  up by the cell  in  a  one for one  exchange
with  another  osmotically  active  cation,  deplasmolysis  would  not  result.  If,
on the other hand, K were  taken up in exchange for metabolically produced
H which  is  either rapidly secreted  or  else  bound within  the cell  by the high
cellular  buffer capacity,  an increase  in  intracellular  osmotic  activity  would
result.  The slope  of the  initial portion  of the  curve  of [K]j  versus osmolality
(dashed  line,  Fig.  1) indicates  that the  [K]i increases approximately  100  mM
for every  180 mM increase  in medium osmolality. Assuming  that the osmotic
coefficient  of  cellular  K  is  0.9  (approximating  that  of KC1  in free  solution
over the  concentration  range of 0.1  to 0.8  M  (7)),  this relationship  indicates
that the increase  in [K]  raises  the cellular  osmolality by half as much as the
increase  in medium  osmolality.  Since  each mole  of K accumulated  must  be
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associated  with  an  equivalent  of intracellular  anion,  the increase  in  cellular
osmolality would be equal to the increase  in medium osmolality if the anions
accumulated with K were univalent and osmotically  active. If the mechanism
of K  uptake is in fact an exchange for cellular H, the anions normally secreted
with H, such as  acetate,  formate,  and lactate,  may well  be  the ones  that are
retained.  Over the lower range of osmolalities, the variation in cell osmolality
which  would  be  produced  by  the  accumulation  of  K  and  accompanying
univalent  anions,  agrees  well  with  the  observation  that  cellular  osmolality
parallels  that of the medium  (17).  In media of high osmolality the increase in
[K];  is  considerably  less  than  half  of  the  increase  in  osmolality.  Although
those  other  solutes  which  contribute  to  the  maintenance  of  the  internal
osmolality  in  these  concentrated  media  have not been  identified,  it is  quite
possible  that many neutral molecules  such  as proline  (10)  participate  signifi-
cantly in this process.
CONCLUSIONS
The present results  indicate that:
1.  Under  a  variety  of conditions  including  those  suitable  for  optimal
growth, the osmolality of the growth medium is a major determinant of the
cell K content.
2.  The  growing  cell  responds  to  abrupt  changes  in  the  surrounding
osmolality with rapid  changes  in cell  K content in the direction  necessary
to minimize the osmotic  difference.
3.  The conclusion  that the bulk  of the intracellular  K  in E. coli exists in
an  unbound,  osmotically  active  form,  though  not  directly  established,  is
strongly suggested.
The ability of E. coli to maintain  its internal  osmotic  activity equal  to,  or
somewhat greater  than that of the surrounding environment,  through regula-
tion of its cell K content,  is of profound functional significance for an organism
which may be subjected  to a wide range  of growth conditions.  It  assures that
the plasma membrane will be in close contact with the surrounding cell wall;
a relationship which  is  essential for  cell wall  synthesis and  bacterial division.
Weiden  (18)  has demonstrated  that,  in a  K-limited  medium,  growth  of E.
coli ceases  only after  virtually  all the medium K has been depleted,  at which
time the ratio  of intracellular  to extracellular  K concentrations  approximates
106  to 1. This highly  efficient K transport mechanism  is ideally suited for the
purpose  of osmoregulation  in an  organism which  is  not very exacting  about
the media  in which  it will grow.
The  loss  of cell  K  which results  from  downshock  is  accompanied  by  an
efflux of other intracellular constituents and a depletion of intracellular amino
acid pools (19,  10). This process therefore  appears to be relatively non-specific
and  is  probably  related  to  the  loss  of  intracellular  constituents  which  is
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observed  when  growing  cells  are  suspended  in  distilled  water  (19).  The
mechanism by which the intracellular  K concentration  is increased following
upshock,  as the result of net K transport  against a large concentration differ-
ence,  remains unknown.  One possibility is that exposure to hypertonic  media
results in  a decreased  passive  efflux  or "leak"  of K secondary  to  a decrease
in the passive permeability  of the membrane  to K.  If part of the K efflux  is
the result  of restricted  diffusion  through  aqueous  channels  or "pores"  whose
volume  and  linear  dimensions  decrease  with  increasing  external  osmolality
(i.e. they behave like osmometers),  an increase  in the osmolality of the growth
medium,  in the presence  of constant carrier-mediated  K influx, would result
in a new,  increased  steady-state intracellular  K concentration.  Although this
model can explain the relationship between cell K concentration and medium
osmolality in growing cells  (Fig.  1), it does not satisfy the kinetics of K uptake
following  upshock  (Fig.  4).  We  have  previously  demonstrated  that  under
steady-state  conditions,  the K influx  averages  1 to  2  pmols/cm2sec.  and  is
independent  of the extracellular  K concentration  over  the  range of  0.06  to
14 mM (20,  21).  The initial rate of net K uptake following upshock  is a satu-
rable function  of the extracellular  K concentration  and  is  often  more rapid
than  the  above steady-state  influx.  Therefore  a change  in  the  efflux  process
alone  cannot explain  these  results.  Instead  one  must  postulate  that  sudden
exposure  to  hypertonic  media  activates  a  process  of net  K  influx  which  is
transient  and  appears  to  involve  an  exchange  of  K  for  intracellular  H.
Whether  this influx process  is mediated  by an "osmotically  sensitive"  carrier
system  or whether  it is  the  result  of some  other property  of the  membrane
which  is  sensitive  to  membrane  tension  cannot  be  further  clarified  at  this
time.
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